A demand-oriented Building Information Model (BIM) model built using high-fidelity point cloud data can better protect architectural heritage. The multi-level detail (mutli-LoD) parametric model emphasizes the different protection requirements of typical components and the automatic extraction of corresponding parameters of high-fidelity point clouds, which are two related key issues. Taking the typical Chinese wooden architectural heritage as an example, according to different requirements, the multi-LoD principle of typical components is proposed. On this basis, the automatic extraction method of the above parameters is developed, and the key parameters of the method are recommended. In order to solve the above problems, taking the three typical Dou-Gong used in Liao Dynasty and Song Dynasty, including Zhutou Puzuo, Bujian Puzuo and Zhuanjiao Puzuo, as an example, briefly introduced the standardization characteristics of the typical components of the "Yingzao Fashi". Subsequently, the corresponding multiple LoD principles are recommended according to different requirements. Based on this and high-fidelity point cloud data, an automatic extraction method for multi-LoD BIM model parameters for typical components of wooden architectural heritage is proposed.
INTRODUCTION
As a typical architectural heritage worldwide, wooden architectural heritage (referred to as "WAH" hereafter) is considered with long history, various architectural styles and mature systems, which can significantly reflect the cultural characteristics and advanced levels of construction technology at different historical stages (Chun et al., 2017) . Hence, the WAH is usually regarded with high historical, cultural and scientific values. Among these, due to magnificent appearance and high level of construction technology, Chinese WAH is world-renowned with extremely high values, such as Yingxian Wood Pagoda which was constructed in 1506 with a height of 65.88 m and is the oldest and tallest ancient wooden building in China (Zhang, 2007) and (Hou et al., 2016) . Scientific conservation of such heritage has become a critical issue. 3D digital technology has become an important method to support the conservation of WAH, whether it is well preserved or has a certain degree of degradation (Balletti et al., 2014) . This is attributed to the fact that such technology can document the high-fidelity information. 3D digital model established by this technology is required to be capable of illustrating the characteristic construction method, historical and cultural values more intuitively.
As for the multi-LoD, the component model with different levels of details are provided in BIM, and are selected according to the importance and rendering difficulties (Clark, 1976) . Furthermore, different requirements for the parametric model may exist in different conservation phase. Hence, aiming to different conservation requirements, a multi-LoD modeling system is firstly required. Subsequently, in conjunction with the concept of multi-LoD, a multi-LoD parametric model should be implemented in BIM (Murphy et al., 2009) and (Pocobelli, 2018) . With this model, 3D BIM model can be established with a high efficiency, and modified/updated to adapt to the continuously evolution of WAH (Azhar et al., 2012) and (Murphy et al., 2013) and (Worrell, 2015) . Therefore, an appropriate multi-LoD parametric model for the typical components of Chinese WAH and a high-efficiency automatic extraction method for the parameters of multi-LoD BIM models is necessary (Dore et al., 2015) and (Barazzetti et al., 2015) . To address the abovementioned issues, taking the Chinese WAH constructed in Liao Dynasty and Song Dynasty as an example, the standardized characteristics of typical components following "Yingzao Fashi" are briefly introduced. Subsequently, the correspondingly multi-LoD principles are recommended according to different level of requirements. The multi-LoD parametric models are conclusively recommended for these typical components. Based on this and high-fidelity point cloud data, an automatic extraction method for the parameters of multi-LoD BIM models for typical components of WAH is proposed.
MULTI-LOD PARAMETRIC MODEL FOR DOU-GONG AND ITS TYPICAL COMPONENTS

Multi-LoD Parametric Model Principles
Note that the beams and columns in WAH can be represented using the multi-LoD parametric models existed in BIM, while the Dou-Gong composed by various special components, as the most distinctive component in Chinese WAH, requires a new multi-LoD parametric model. It is composed by "Dou", "Gong", "Ang" and "Fang" as shown in Figure 1 with special configuration. In comparison with the components in modern wooden structures, the multi-LoD principles should be developed with the consideration of the commonality and characteristic. Based on this requirement, three LoD is proposed for Dou-Gong and typical components according to different level of requirements, the principles are presented as follows:
(1) LoD100: this LoD reflects the volume information of Dou-Gong and typical components for basic requirements of BIM model, including the length, width and height of the outer bounding box, which strictly follows the existed principle in BIM.
(2) LoD200: this LoD concentrates on the requirements of information for structural safety performance assessment, the dimensions of connection details between components and other critical dimensions are essential for such assessment and therefore are mostly concerned.
(3) LoD300: this LoD aims at the requirements of high-fidelity representation of Dou-Gong and typical components, which can demonstrate the inherent architectural culture and enable the safety performance based on high-fidelity refined model. Hence, the curved outline is implemented. Based on the abovementioned principles, the schematic diagram of multi-LoD models are illustrated in Figure 2 . Table 1 . Multi-LoD models for typical components.
Multi-LoD Parametric Model for Typical Components
The overall diagram and disassembly diagram of three selected Dou-Gong are presented in Figure 3 . It is worth mentioning here that the configuration and name of each component are also presented in Figure 3 . The typical components in these Dou-Gong are summarized and categorized into 27 types.
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AN AUTOMATIC EXTRACTION METHOD FOR THE PARAMETERS OF MULTI-LOD BIM MODELS BASED ON POINT CLOUD DATA
Specifically, the point cloud data obtained by 3D laser scanning technology is usually enormous. If the characteristic parameters of multi-LoD models can be extract from the point cloud data, the abovementioned parametric model with dozens parameters will be more convenient and practical for the establishment of BIM models. Due to these facts, an automatic extraction method is required for the parameters of multi-LoD BIM models based on point cloud data. It is notable that the extraction method for a real WAH or even a Dou-Gong is still an extremely challenging task. Hence, this research mostly focuses on the development of an automatic extraction method at the component level, and it is expected to be further developed to meet the real engineering requirements. In the following section, the framework of the proposed method is firstly introduced step by step. Subsequently, the algorithm of each step and the associated key parameters are introduced in detail.
Framework of the proposed method
The overall framework of the proposed method is schematically illustrated in Figure 4 . A brief introduction of the overall framework is presented step by step with emphasis on the fundamental concept of each step as follows:
(1)
Step 1: Volume to slice. A point cloud slicing algorithm is adopted to transform the scatted volumetric points to layered slice, which aims to obtain the typically cross-sectional characteristics of key components. Specifically, a series of flaky point cloud is extracted from the volumetric point cloud, which will be beneficial to increase the accuracy and efficiency of the following outline extraction.
( 2) Step 2: Slice to outline. An outline extraction algorithm is applied to the flaky point cloud to extract contour features, which represents the contour of key components. The outline point cloud can lay a foundation for further extraction of characteristic points.
(3)
Step 3: Outline to characteristic points. A characteristic point detection algorithm is adopted to detect the characteristic points, which will be used to calculate the characteristic parameters of multi-LoD BIM models. This algorithm basically relies on the geometric relationship between the characteristic points of the outline.
Step 4: Characteristic points to parameters. An extraction algorithm for the characteristic parameters of multi-LoD models is proposed to calculate the dimensions of key components. It is notable that the parameters required for LoD100, LoD200 and LoD300 are different. Hence, this algorithm is designed with three levels to extract the parameters of three LoD. 
Point cloud slicing algorithm
It is well acknowledged that the point cloud data is obtained with high sampling density and the corresponding quality can be affected by the environment and acquisition system. It can be found from Table 1 that each components exhibits typically cross-sectional characteristics. Hence, the introduction of slicing algorithm can accurately reflect such characteristics, thus effectively improving the efficiencies of outline extraction and characteristic point detection. Specifically, one reference axis normal to the slicing plane (e.g. Y axis as shown in Figure 6 ) is firstly selected according to characteristics of specific components. Then, the correspondingly maximum (i.e. ymax) and minimum (i.e. ymin) values of the coordinate of all point cloud along the reference axis are obtained to determine the slicing spacing (i.e. s) using the following equation:
where N = the number of flaky point cloud sliced from the volumetric point cloud s = slicing spacing Subsequently, N minus one projection planes with an identical spacing (i.e. s) and N groups of point cloud data are generated as shown in Figure 5 . 
Outline extraction algorithm
Enormous data remains in the flaky point cloud sliced from the volumetric point cloud, the outline containing the characteristic points is required to be further extracted. An outline extraction algorithm based on point cloud clustering is adopted here, in which the point cloud data is firstly reorganized using the K-D tree method (Steder et al., 2011) . Subsequently, point cloud clustering is performed before the calculation of distribution density. Hence, the points on the outline remain while the interference points are eliminated. Due to these, the accuracy and efficiency of outline extraction can be significantly improved. The fundamental procedures of this algorithm are schematically presented in Figure 6 and demonstrated as follows: a) An index relationship is established using the K-D tree method and the point cloud clustering is conducted. b) The normal vector of each point is calculated and used to construct least square plane. c) All points after point cloud clustering are traversed. If the maximum angle difference is greater than the specified threshold, the point belongs to the outline, otherwise it is identified as the internal node. The points on the outline are conclusively identified and stored as a new object, i.e. the outline. 
Characteristic point detection algorithm
To obtain the parameters of multi-LoD models, the characteristic points are usually corner points on the outline and required to be further identified, indicating that a characteristic point detection algorithm should be introduced. A 3D Harris method is expanded from traditional 2D Harris method and adopted to extract the characteristic points (i.e. interest points usually referred). This is attributed to the fact that this method is robust to the change of attitude of object and is basically immune to the ration (Lv et al., 2013) . In addition, a series of tests indicate that some interfering points may be identified during the process, which should be eliminated for the extraction of characteristic parameters. Two types of such points are usually observed, including the intermediate points on an expected linear outline (i.e. type 1 as shown in Figure 7 ) and the points on the curved outline (i.e. type 2 as shown in Figure 7 ). For type 1, this interfering point is extracted because an ideally linear outline cannot be perfectly manufactured, and can be directly eliminated. To achieve this, the angle between two direction vectors of three continuous points are calculated. If this angle is more than the threshold (e.g. the angle between vector 41 and vector 16 as shown in Figure 7) , the middle point (e.g. 1 in Figure 7 ) of three continuous points (e.g. 4, 1 and 6 in Figure 7 ) is a characteristic point and is herein reserved. In contrast, the middle point (e.g. point 6 in Figure 7) is identified as the interfering point and eliminated. For type 2, the points should be further processed to obtain two characteristic points and the key parameter m. As mentioned above, m minus one inflection points exist on such curved outline. The angle between two direction vectors of three continuous points will significantly change m plus one times, including two characteristic points (e.g. point 4 and 5 in Figure  7 ) and m minus one inflection points (e.g. point 7, 8 and 9 in Figure 7 ). According to this characteristic, these points can be further extracted and m can be calculated. Subsequently, the starting and ending points are reserved as characteristic points, while the intermediate points are eliminated. The fundamental procedures of this algorithm are schematically presented in Figure 8 . The search radius (denoted as "sr") of fixed window in Figure 8 is the critical parameter of this algorithm. 
Extraction algorithm for the characteristic parameters of multi-LoD models
Based on the characteristic points, the characteristic parameters of multi-LoD models can be determined according to the geometric relationship. The extraction algorithm is designed with three levels to extract the parameters of LoD100, LoD200 and LoD300, respectively. a) Parameters of LoD100 model The parameters of LoD100 demonstrates the volumetric information of components, including the length (i.e. b), width (i.e. t) and height (i.e. h) of the outer bounding box. An introspective sorting algorithm is adopted to obtain the maximum and minimum coordinate values in each direction (Musser, 2010) . The corresponding parameters are calculated according to Equation 2:
b=ymax-ymin t=xmax-xmin
(2)
h=zmax-zmin
where b = length of components t = width of components h = height of components b) Parameters of LoD200 model LoD200 concentrates on the requirements of information for structural safety performance assessment and simple linear outline is considered. The associate parameters are calculated according to the characteristic points. There exists two situations, the original outline is linear or curved, which has been identified in the characteristic point detection algorithm. For the first one, the corresponding parameters are mostly internal connection dimension (e.g. b1 and h1 as shown in Figure 9b ). These parameters are the distance between associated characteristic points, which are obtained from the characteristic point detection algorithm. For the second one, the curved outline is simplified to a right angle as shown in Figure 9 . Due to this, the associated region has not been modified in comparison with that of LoD100 model, no parameter is required to be introduced. c) Parameters of LoD300 model LoD300 demonstrates the inherent architectural culture and enable the safety performance based on high-fidelity refined model. The curved outline is mostly concerned and required to be represented. Basically, the curved outline is a polyline following the rules specified in "Yingzao Fashion". The parameters required to be extracted are the length (i.e. b2) and height (i.e. h2) of "Juansha" as shown in Figure 9c . Taking h2 as an example, it is h in LoD100 minus the distance between two characteristic points (i.e. point 1 and 4 as shown in Figure  7 ). In addition, m minus one calculated inflection points, in which m denotes the number of segments of "Juansha" obtained in characteristic point detection algorithm, are required to be determined, thus facilitating the representation of shape grammar. To achieve this, a local coordinate system as shown in Figure is Figure9c is adopted. The function of each linear segment of polyline (yi) are established using Equation 3. Then, the j th calculated inflection point can be calculated as the intersection of yj and yj+1.
where m = number of "Juansha" b2 = length of "Juansha" h2 = height of "Juansha" 
AN AUTOMATIC EXTRACTION METHOD FOR THE PARAMETERS OF MULTI-LOD BIM MODELS BASED ON POINT CLOUD DATA
The information of computer used are presented in Table 3 . And the point cloud of validation object is shown in Figure 10 . The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W15, 2019 27th CIPA International Symposium "Documenting the past for a better future", 1-5 September 2019, Ávila, Spain Figure 10 . Point cloud of validation object.
To validate the reliability and efficiency of the proposed method, the values of parameters of multi-LoD models for Ludou are also extracted, presented and compared with the reference values in Table 4 and 5. The absolute error and correspondingly relative error of each parameter of multi-LoD model are mostly lower than 1 mm and 2%, respectively. Only a notable relative error with a value 3.15% is observed for a local small dimension, which is considered acceptable. The wall time is 374.137 s. A good accuracy and high efficiency are also achieved. Furthermore, the LoD300 BIM model is also established and the three-dimensional deviation analysis is also conducted, as shown in Figure 11 . The correspondingly maximum deviation, average deviation, standard deviation and RMS estimate are presented in Table 8 . The deviation is overall small even negligible. The results of other component can be found in reference (Shi et al., 2018) , the relative and absolute errors of parameters of multi-LoD models are all less than 3.5% and 1 mm, respectively. In addition, the wall times are all less than 7 minutes. Based on the above discussion, the reliability and efficiency of the proposed method are validated. The feasibility and reliability of the proposed parametric model and automatic extraction method are validated. Table 5 . Extraction results and accuracy of LoD100 of Ludou. Figure 11 . Results of three-dimensional deviation analysis for Ludou.
CONCLUSIONS
A framework of multi-LoD parametric models for typical components, as well as an automatic extraction method for the corresponding parameters from high-fidelity point cloud, are two critical issues in the continuous protection of WAH using BIM.
Taking the Chinese WAH constructed in Liao Dynasty and Song Dynasty as an example, the multi-LoD principles are recommended according to different level of requirements are proposed for such typical components. Based on these, the framework of multi-LoD parametric models are conclusively recommended for these typical components and implemented in BIM. An automatic extraction method for the parameters of multi-LoD BIM models for typical components is proposed. To validate the reliability and high efficiency of this method, the parameters of multi-LoD models of Ludou are extracted using the proposed method. The results indicate that the relative and absolute errors of such parameters are less than 3.5% and 1 mm, respectively. In addition, this method is capable of extracting parameters from tens of millions of point cloud data within 7 minutes, thus validating the high efficiency and reliability of the proposed method. The research outcomes will provide important reference for the historical data digitalization of wooden architectural heritages.
